Introduction {#s1}
============

Chronic liver diseases, including viral hepatitis and non-viral hepatitis, are a heavy health burden worldwide. There are approximately 2 million deaths caused by liver disease each year, with 1.16 million due to liver cirrhosis and 0.79 million due to primary liver cancer.[@b1] Chronic hepatitis B (CHB) is a major cause of liver cirrhosis and hepatocellular carcinoma. Prompt anti-viral therapy is able to slow down CHB progression.[@b2],[@b3] In addition, non-alcoholic fatty liver disease, a major causative factor of non-viral hepatitis and cause of 14.1% of hepatocellular carcinoma cases, has gotten much attention in recent years.[@b4],[@b5] Non-alcoholic fatty liver disease can be divided into non-alcoholic fatty liver and non-alcoholic steatohepatitis (NASH), based on histologic findings.[@b6] In those NASH patients, active liver inflammation (A2-A3) is an independent predictive factor for non-alcoholic fatty liver disease-related extrahepatic complications.[@b7] The prognosis and treatment strategy of chronic liver diseases depends strongly on the degree of liver inflammatory activity. Thus, to slow down chronic liver disease progression and to prevent the occurrence of end-stage liver disease, it is necessary to differentiate those chronic liver disease patients with active liver necroinflammation for timely intervention.

Non-invasive methods, including surrogate serum markers and imaging techniques, offer cost effective alternatives to liver biopsy. Alanine aminotransferase and aspartate aminotransferase, both indicators of liver injury, are widely used. But there are limitations in their accuracy for inflammation in CHB, and they are almost completely unusable in NASH patients.[@b8],[@b9] In NASH patients, studies have shown that CK-18, a recently emerging serum biomarker for non-alcoholic fatty liver disease-related inflammation, only exhibits limited diagnostic value. Thus, the diagnosis of active necroinflammatory liver damage in non-alcoholic fatty liver disease is still solely dependent on liver biopsies.[@b10] Currently, there is still lack of non-invasive method to diagnose and grade liver necroinflammation in clinical practice.

Liver stiffness measurement (LSM) performed by transient electrograph (TE) has been becoming an increasingly commonly used non-invasive method for the diagnosis of liver cirrhosis. It has been widely noticed that the diagnostic accuracy of LSM for fibrosis/cirrhosis can be affected by several factors including liver necroinflammation,[@b11] which was considered to weaken LSM's diagnostic accuracy for liver fibrosis/cirrhosis.[@b12],[@b13] In several recently published studies, sequential measurements of LSM revealed that LSM decreases after initiating anti-viral therapy in patients with CHB. One suggested interpretation is that an early steep decline of liver stiffness may predict histological reversal of fibrosis.[@b14] However, the 'China HepB-Related Fibrosis Assessment Research Group' argues that a decline in liver stiffness cannot indicate fibrosis regression in patients with CHB.[@b15] In this prospective study, the authors noticed that a greater decline of LSM was correlated with a change in HAI scores (*r* = 0.395, *p* = 0.000) but only mildly correlated with change in the Ishak fibrosis stage (*r* = 0.156, *p* = 0.036). We wondered whether such inconsistencies may be caused by a difference in liver inflammation stages at baseline and the therapy received between the two groups. Since the LSM value is closely associated with active liver inflammation, an alternative interpretation of an elevated LSM is that it may reflect the inflammatory grade of a chronic liver disease patient. From this perspective, it is reasonable to postulate that LSM may possesses the diagnostic potential for active liver inflammation.

Thus, we investigated in this study if LSM could be used as a non-invasive method to evaluate liver inflammation in chronic liver disease patients with different etiological backgrounds, including CHB patients, NASH patients, and patients with autoimmune-related liver diseases. Notably, the evaluation of LSM's diagnostic value for liver necroinflammation in CHB cohorts was implemented at multiple centers.

Methods {#s2}
=======

Patients and ethical consent {#s2-1}
----------------------------

In this retrospective study, three cross-sectional cohorts were used:

**CHB cohorts:** In order to further examine the LSM's value in identifying active liver necroinflammation, liver biopsy-confirmed CHB patients were enrolled. CHB patients were recruited from the following 10 centers: The Fifth Medical Center of PLA General Hospital, The Third Hospital of Hebei Medical University, Rui Jin Hospital, The Third Affiliated Hospital Sun Yat-Sen University, The Third Hospital of Qinhuangdao, Shanghai Public Health Clinical Center, Peking University Shenzhen Hospital, The First Affiliated Hospital of Fujian Medical University, 85^th^ Hospital, and the Second Affiliated Hospital of Medical College of Xi'an Jiaotong University.

All hospitals followed the same criteria for the patient inclusion and exclusion. Inclusion criteria: 1) diagnosed with CHB, defined as the persistent presence of hepatitis B surface antigen for at least 6 months, with signs of chronic hepatitis;[@b16] 2) LSM performed within 1 week of when the liver biopsy was performed; and 3) clinical index data collected on the same day when the liver biopsy was applied. Exclusion criteria: 1) patients who were treated with anti-viral treatment within the past 6 months; or 2) evidence of hepatocellular carcinoma.

**NASH cohort:** From 2011 to 2016, liver biopsy-confirmed NASH patients were enrolled from The Third Hospital of Hebei Medical University. The clinical criteria of NASH were as follows: NASH was diagnosed based on liver biopsy after exclusion of, 1) concomitant steatosis-inducing drugs, 2) excessive alcohol consumption (\>210 g/week in men or \>140 g/week in women), CHB or chronic hepatitis C viral infection, 3) histological evidence of other concomitant chronic liver disease,[@b17] and 4) evidence of hepatocellular carcinoma. In addition, the LSMs were performed within 1 week of when the liver biopsy was performed, and the blood test was conducted on the same day as the liver biopsy.

**Autoimmune-related liver diseases cohort:** Patients in this cohort partly belonged to a previously study,[@b18] which included 66 autoimmune hepatitis (AIH) patients and 77 primary biliary cholangitis (PBC) patients.

**Longitudinal cohort:** This cohort was comprised of 14 CHB patients enrolled from The Third Hospital of Qinhuangdao, all of who underwent entecavir treatment (0.5 mg/d for 78 weeks) and had liver biopsy at baseline and at 78 weeks post-treatment initiation. LSM and blood tests were conducted at 13, 26, 52 and 78 weeks. Part of the patients' information have been described in the report from the China HepB-Related Fibrosis Assessment Research Group, which was published during our manuscript submission.[@b15]

All sample tests in this study were performed in qualified laboratories of each center, and the results were comparable. Ethical consents were obtained by the Central Ethics Committee of The Third Hospital of Hebei Medical University, the Ethics Committee of Rui Jin Hospital, and the Medical Ethics Committee of The Third Affiliated Hospital Sun Yat-Sen University. The diagnosis and treatment of the patients followed the Guideline of Prevention and Treatment for Chronic Hepatitis B.[@b19] Informed consent was obtained from all patients in this study and parents' consent was obtained if the patients were under 18.

Liver biopsy {#s2-2}
------------

The necroinflammatory grade was evaluated according to the Scheuer system[@b20] in CHB patients and the Brunt system[@b21] in NASH patients respectively. G2 or \>G2 was defined as moderate liver necroinflammation and G3 was defined as severe liver necroinflammation in the CHB patients and NASH patients.

LSM performance {#s2-3}
---------------

LSM was performed with FibroTouch (HISKY Medical Technologies Co., Ltd., Beijing, China) in Rui Jin Hospital and The Third Affiliated Hospital Sun Yat-Sen University, or Fibroscan device (Echosens, Pairs, France) in other medical centers within 1 week before liver biopsy. LSM was deter-mined in the right hepatic lobe through the intercostals space (at least 2 hours after the last meal) with the patient in the supine position and the right arm in maximum abduction. Only valid measurements (success rate of more than 60% and interquartile range/median ratio of \<0.3) were included. The results were expressed in kPa corresponding to the median of 10 determinations.

Statistical analysis {#s2-4}
--------------------

Categorical data were presented as a number and percentage, and the results were analyzed by chi-squared test. Covariance analysis was used to adjust the effect of other variables. The data was analyzed with IBM SPSS statistical software version 22.0 (IBM Corp., New York, NY, USA) and performed with GraphPad Prism version 5.0 (GraphPad Software Inc., La Jolla, CA, USA). The Spearman's rank correlation test and its coefficient (rho) was used to describe the association between two variables. The area under the ROC curve (AUROC), sensitivity, specificity, positive likelihood ratios, negative likelihood ratios, and diagnostic odds ratios were used to evaluate the diagnostic value. We defined AUROC \>0.9 as excellent, 0.9-0.8 as good, and 0.7-0.8 as fair.[@b22] The positive likelihood ratio is the ratio between true positive and false positive, while the negative likelihood ratio is the ratio between false negative and true negative. The positive likelihood ratios \>10 or negative likelihood ratios \<0.1 indicated the high diagnostic value of the index. The significance of differences between the groups was judged by the Z-test. The ROC curve was made by using Medcalc (15.6.1). All tests of significance were two-tailed and *p*-values \<0.05 were considered statistically significant.

The data from the five independent cohorts were analyzed by using RevMan 5.3, a software usually used for meta-analysis of multicenter data. In summary, ROCs were plotted.

Results {#s3}
=======

Clinical characteristics of patients {#s3-1}
------------------------------------

As shown in [Table 1](#t01){ref-type="table"}, a total of 1417 CHB patients from 10 different medical centers and 106 NASH patients from The Fifth Medical Center of PLA General Hospital were enrolled. The CHB patients were grouped into five independent cohorts: cohort A from The Fifth Medical Center of PLA General Hospital (*n* = 269); cohort B from The Third Hospital of Hebei Medical University (*n* = 253); cohort C from Rui Jin Hospital (*n* = 549); cohort D from The Third Affiliated Hospital Sun Yat-Sen University (*n* = 207); and cohort E from the remaining six medical centers (*n* = 139), with 28 from The Third Hospital of Qinhuangdao, 25 from Shanghai Public Health Clinical Center, 33 from Peking University Shenzhen Hospital, 23 from The First Affiliated Hospital of Fujian Medical University, 26 from The 85^th^ Hospital, and 4 from Xi'an Jiaotong University ([Supplementary Fig. 1](#sf1){ref-type="supplementary-material"} for detail). In addition, 14 CHB patients were accepted as part of a 78-week treatment longitudinal cohort. The clinical characteristics of these cross-sectional cohorts are shown in [Table 1](#t01){ref-type="table"}. The difference between patients G0-1 and the patients ≥G2 are shown in [Supplementary Table 1](#sf3){ref-type="supplementary-material"}. As expected, patients with a higher liver necroinflammatory grade had a higher level of alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, gamma-glutamyl transpeptidase and LSM, while sex and age had no difference between the two groups. The clinical characteristic of AIH and PBC was partly described in previous study.[@b20]

###### Clinical characteristic of patients

  Variable                           CHB               NASH
  ---------------------------------- ----------------- ----------------
  Number                             1417              106
  Sex, male/female                   961/456           58/48
  Age (years)                        37 (30,46)        40 (26, 50)
  PLT (10[@b9]/L)                    178 (142, 218)    213 (180, 250)
  ALT (U/L)                          42 (28, 75)       76 (40, 119)
  AST (U/L)                          33 (25, 51)       44 (30, 65)
  ALP (IU/L)                         72 (59, 90)       95 (74, 120)
  GGT (IU/L)                         28 (18, 49)       58 (41,93)
  LSM (kPa)                          8 (6, 11.9)       6.9 (5.4, 9.2)
  Liver necroinflammation, 0-1/2/3   784/454/179       70/30/6
  Fibrosis stage, 0-1/2/3/4          656/360/190/211   64/20/13/9

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CHB, chronic hepatitis B; GGT, gamma-glutamyl transpeptidase; LSM, liver stiffness measurement; NASH, non-alcoholic steatohepatitis; PLT, platelet.

![The LSM value associated with liver necroinflammation.\
LSM value in (A) chronic hepatitis B patients with different liver necroinflammatory grades and (B) the patients with same fibrosis stage. (C) LSM value and (D) alanine aminotransferase value in NASH patients with different liver necroinflammatory grades in NASH patients.\
Abbreviations: LSM, liver stiffness measurement; NASH, non-alcoholic steatohepatitis.](JCTH-7-313-g001){#f01}

LSM value correlated well with liver necroinflammatory grade in a variety of different chronic liver diseases {#s3-2}
-------------------------------------------------------------------------------------------------------------

First, to validate the quality of our study cohorts, the correlation of LSM to the scores of liver fibrosis/cirrhosis was analyzed. Consistent with previous studies, LSM exhibited a gradual increase in parallel with the severity of liver fibrosis, in a stepwise manner ([Supplementary Fig. 2](#sf2){ref-type="supplementary-material"}), with a rho value of 0.548 (*p* \< 0.001) in CHB, 0.613 (*p* \< 0.001) in NASH, 0.655 (*p* \< 0.001) in AIH, and 0.572 (*p* \< 0.001) in PBC. Next, the correlation between LSM and the activity of liver necroinflammation was investigated. The rho values were 0.517 (*p* \< 0.001) in CHB, 0.547 (*p* \< 0.001) in NASH, 0.742 (*p* \< 0.001) in AIH, and 0.459 (*p* \< 0.001) in PBC respectively ([Fig. 1A](#f01){ref-type="fig"} & B). Such strong correlation with the degree of liver necroinflammatory activity may implicate a linearly dependent increase of LSM values to the worsening of liver necroinflammatory severity, as shown in [Fig. 1A](#f01){ref-type="fig"} for CHB patients and [Fig. 1C](#f01){ref-type="fig"} for NASH patients. Based on the fact that the occurrence of hepatic fibrosis usually accompanied active liver inflammation, it was reasonable to suspect that in the current study, the stepwise increase of LSM with liver necroinflammation could be simply due to its direct correlation with fibrosis. In order to exclude liver fibrosis as the common responding variable for LSM elevation, CHB patients were divided into subgroups according to their liver fibrotic scores. As shown in [Fig. 1B](#f01){ref-type="fig"}, gradual increases of LSM with liver inflammation severity were still observed, though the severity of fibrosis in each subgroup was the same.

![Diagnostic performance of LSM for the non-invasive assessment of moderate liver necroinflammatory grade.\
(A) The summary receiver operating characteristic curves of LSM, alanine aminotransferase and aspartate aminotransferase in chronic hepatitis B patients. (B) Diagnostic performance of LSM and alanine aminotransferase for the non-invasive assessment of moderate liver necroinflammatory grade in NASH patients.\
Abbreviations: LSM, liver stiffness measurement; NASH, non-alcoholic steatohepatitis.](JCTH-7-313-g002){#f02}

To further confirm that the correlation between LSM and liver necroinflammation was independent to liver fibrosis, covariance analysis was performed. It revealed that the correlation between LSM and liver necroinflammation was independent of liver fibrosis. All these results verified that the latent capability of LSM to reflect liver necroinflammation is independent of liver fibrosis.

LSM showed diagnostic potential for moderate and severe liver necroinflammation in the CHB patients {#s3-3}
---------------------------------------------------------------------------------------------------

As shown in [Table 2](#t02){ref-type="table"}, with cut-off value set at 10.2 kPa, LSM exhibited good diagnostic value to distinguish CHB patients with moderate to severe liver necroinflammation from those with only mild or without liver inflammation. Moreover, it could even identify if a CHB patient had severe liver inflammation (G3) when the best cut-off value was set as 10.4 kPa. Such diagnosis power for moderate to severe liver necroinflammation (G0-1 vs. G2-3) was further validated separately in all five independent cohorts, with AUROCs that varied from 0.780 (cohort C) to 0.829 (cohort E) ([Supplementary Table 2](#sf4){ref-type="supplementary-material"}).

###### Diagnostic performance of LSM and ALT for the non-invasive assessment of liver necroinflammation

  Necroinflammation              CHB, *n* = 1417                               NASH, *n* = 106                          
  ------------------------------ ---------------------- ---------------------- ----------------- ---------------------- ----------------------
  **LSM**                                                                                                               
   AUROC (95% CI)                0.779 (0.756--0.800)   0.838 (0.817--0.856)                     0.826 (0.740--0.893)   0.871 (0.792--0.928)
   Cut-off values                10.2                   10.4                                     8.7                    8.9
   Sensitivity/specificity (%)   55/86                  78/75                                    61/87                  100/78
   PPV/NPV (%)                   75.8/70.4              31.2/95.9                                71/81                  18.5/98.7
   Positive/negative LR          3.66/0.52              3.13/0.30                                4.75/0.45              3.79/0.21
  **ALT**                                                                                                               
   AUROC (95% CI)                0.694 (0.669--0.718)   0.676 (0.651--0.701)                     0.521 (0.422--0.619)   0.538 (0.438--0.635)
   Cut-off values                41                     37                                       122                    81
   Sensitivity/specificity (%)   66/63                  78/47                                    33/81                  67/57
   PPV/NPV (%)                   59.8/68.7              18.1/93.3                                48/70                  9/97
   Positive/negative LR          1.80/0.54              1.47/0.47                                1.79/0.82              1.55/0.58

ALT, alanine transaminase; AUROC, area under the ROC curve; CHB, chronic hepatitis B; LR, likelihood ratio; LSM, liver stiffness measurement; NASH, non-alcoholic steatohepatitis; NPV, negative predictive value; PPV, positive predictive value.

By use of RevMan 5.3, the data from five independent centers were analyzed. Summary ROC curves were also plotted to evaluate the overall inflammation diagnostic value of LSM, alanine aminotransferase, and aspartate aminotransferase respectively. As shown in [Fig. 2B](#f02){ref-type="fig"}, compared to alanine aminotransferase and aspartate aminotransferase, LSM performed statistically significant higher AUROC. LSM and aspartate aminotransferase both exhibited reliable diagnostic value in different cohorts, while alanine aminotransferase showed a large difference in five cohorts. Taken together, LSM in the CHB cohorts exhibited good diagnostic value for moderate to severe liver necroinflammation. In order to explore whether the different devices would affect the diagnostic accuracy of LSM for liver necroinflammation, a subgroup analysis was performed. The results showed that excluding cohort C or cohort E (performed by FibroTouch) would not affect the overall diagnostic accuracy of LSM, which means different devices would not affect the diagnostic accuracy of LSM.

Considering that moderate liver necroinflammation and significant liver fibrosis were both necessary indications of anti-viral treatment in clinical use, the diagnostic value of LSM for moderate necroinflammation and/or fibrosis was also explored by a strategy mimicking meta-analysis. The results showed that with 59% (55--62%) sensitivity, 88% (85--91%) specificity and 10.259 (7.340, 14.338) diagnostic odds ratio, LSM had moderate diagnostic value. The positive likelihood ratio and negative likelihood ratio were 4.9 (3.8, 6.4) and 0.47 (0.43, 0.52) respectively.

Decline of LSM value was found to accompany the improvement of liver inflammatory activity in the CHB patients after receiving anti-viral treatment {#s3-4}
---------------------------------------------------------------------------------------------------------------------------------------------------

To further confirm that the value of LSM was associated with the activity of liver necroinflammation, the dynamic changes of LSM among a small longitudinal cohort of CHB patients who underwent anti-viral treatment was analyzed. As expected, after receiving entecavir treatment, alanine aminotransferase activity returned to normal in 13 weeks and was maintained at a low level thereafter. Though slower than the rapid decline of alanine aminotransferase activity, the values of LSM also dramatically declined in the first 26 weeks post-treatment initiation, and no obvious change was observed thereafter ([Fig. 3](#f03){ref-type="fig"}). To uncover the driving factors that contributed to the rapid decline in LSM value seen in CHB patients after receiving anti-viral therapy, histopathological evaluation was conducted via liver biopsy at week 78 post-treatment initiation. In contrast to the largely unchanged fibrotic scores (2.36 ± 0.75 vs. 2.14 ± 0.95), the liver micro-environmental necroinflammation severity grades at 78 weeks post-initiation of anti-viral treatment was significantly improved, declining from 2.79 ± 0.89 at baseline to 1.86 ± 0.77 (*p* \< 0.001). Thus, an early sharp drop of LSM post-initiation of treatment likely implicated the improvement of liver necroinflammation, same as what the rapid decline of alanine aminotransferase indicated. These results further supported our hypothesis that increased LSM values represent active liver necroinflammation in patients with chronic liver disease, at least in some cases.

![In longitudinal cohort LSM and alanine aminotransferase (median±interquartile range) level change during treatment with entecavir.\
Abbreviation: LSM, liver stiffness measurement.](JCTH-7-313-g003){#f03}

LSM diagnostic value for moderate and severe liver necroinflammation in the NASH population {#s3-5}
-------------------------------------------------------------------------------------------

As shown in [Table 3](#t03){ref-type="table"}, alanine aminotransferase failed to display a correlation with the severity of liver necroinflammation in the NASH patient group (rho = 0.037, *p* = 0.704), which was in contrast to its strong correlations with the severity of necroinflammation (rho = 0.342, *p* \< 0.001) in the CHB cohort. Concordant with alanine aminotransferase, direct bilirubin (rho = 0.067, *p* = 0.495), gamma-glutamyl transpeptidase (rho = 0.135, *p* = 0.169), total bile acid (rho = 0.059, *p* = 0.549), alkaline phosphatase (rho = 0.239, *p* = 0.014) and aspartate aminotransferase (rho = 0.194, *p* = 0.047), the currently commonly used indexes, did not exhibit a strong correlation with the severity of liver necroinflammation in the NASH patient group. Obviously, there is a great need to develop additional markers or indicators to reflect liver necroinflammation for NASH patients.

###### Correlation between liver necroinflammation and clinical characteristics

  Variables        CHB, n = 1417             NASH, n = 106            
  ---------------- --------------- --------- --------------- -------- ---------
  ALT (U/L)        0.342           \<0.001                   0.037    0.704
  AST (U/L)        0.413           \<0.001                   0.194    0.047
  TBIL (umol/L)    0.106           \<0.001                   −0.053   0.585
  DBIL (umol/L)    0.266           \<0.001                   0.067    0.495
  GGT (U/L)        0.459           \<0.001                   0.135    0.169
  ALP (U/L)        0.272           \<0.001                   0.239    0.014
  TBA (umol/L)     0.312           \<0.001                   0.059    0.549
  LSM (kPa)        0.517           \<0.001                   0.547    \<0.001
  Fibrosis stage   0.531           \<0.001                   0.541    \<0.001

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; DBIL, direct bilirubin; ALP, alkaline phosphatase; TBA, total bile acid; GGT, gamma glutamyl transpeptidase; LSM, liver stiffness measurement.

TE-based controlled attenuation parameter has become a reliable method for fatty liver diagnosis, which indicates the multiple potentials for a TE-based method to reflect different histological features of the liver.[@b23] Meanwhile, previous studies have already revealed the liver inflammation diagnostic potential of magnetic resonance elastography, an ultrasound-based technique.[@b24] As shown above, LSM values showed a strong correlation with the degree of liver inflammatory activity. Since LSM is also an ultrasound-based technique, it may be worthwhile to explore the potential use of TE-based LSM in the diagnosis of active liver necroinflammation in NASH patients, and if possible to utilize LSM to better score the degree of inflammatory activity. Following this idea, the ROC curves were plotted. As shown in [Table 2](#t02){ref-type="table"} and [Fig. 2A](#f02){ref-type="fig"}, LSM exhibited a good diagnostic value for moderate liver inflammation (≥G2) and severe inflammation (≥G3). In NASH patients, the AUROC curves of LSM for diagnosing moderate and severe liver inflammation were significantly higher than that of alanine aminotransferase (0.826 vs. 0.528, *p* \< 0.0001 and 0.871 vs. 0.538, *p* = 0.0011), respectively. The data here further confirmed the poor performance of alanine aminotransferase as a surrogate to identify liver necroinflammatory grade in NASH patients, as previously reported.[@b25]

LSM could distinguish moderate and severe liver necroinflammation in the autoimmune-related liver disease cohort {#s3-6}
----------------------------------------------------------------------------------------------------------------

In order to further demonstrate that the diagnostic potential of LSM for liver necroinflammation was etiology-independent, the ROC curves were also plotted for AIH and PBC patients, respectively. As shown in [Table 4](#t04){ref-type="table"}, LSM exhibited good diag-nostic performances for moderate liver inflammation (≥G2) and severe inflammation (≥G3) not only in the AIH patient group but also in the PBC patient group. In AIH patients, the AUROC curves of LSM for diagnosing moderate and severe liver inflammation were 0.880 and 0.907 respectively. In PBC patients, the AUROCs of LSM were 0.815 and 0.732 for diagnosing moderate and severe liver inflammation respectively. These data further confirmed the capability of LSM to discriminate liver necroinflammatory was etiology-independent.

###### Diagnostic performance of LSM for the non-invasive assessment of liver necroinflammation

  Necroinflammation               AIH, *n* = 66          PBC, *n* = 77                                 
  ------------------------------- ---------------------- ---------------------- ---------------------- ----------------------
  **LSM**                                                                                              
   AUROC (95% CI)                 0.880 (0.777--0.947)   0.907 (0.810--0.965)   0.815 (0.710--0.894)   0.732 (0.619--0.827)
   Cut-off values                 6.1                    10.1                   6.8                    6.8
   Sensitivity/specificity in %   80.00/90.91            81.82/90.91            71.43/85.71            78.38/55.00
   PPV/NPV in %                   97.8/47.6              90.0/83.3              95.7/40.0              59.1/66.7
   Positive/negative LR           8.80/0.22              9.00/0.20              5.00/0.33              1.56/0.54

Abbreviations: AIH, auto-immune hepatitis; AUROC, area under the ROC curve; LR, likelihood ratio; LSM, liver stiffness measurement; NPV, negative predictive value; PBC, primary biliary cholangitis; PPV, positive predictive value.

Discussion {#s4}
==========

Rather than consider the existence of liver inflammation as a noise factor for the accurate diagnosis of cirrhosis by TE-based LSM, here in this study, we tried to explore the potential application of TE to reflect the severity of liver necroinflammation in chronic liver diseases with different etiologies. To provide supporting evidence to our hypothesis, the relationship between values of LSM and degree of liver inflammation was first assessed through various aspects. As expected, the aberrant elevation of LSM was consistent with the severity of liver necroinflammation seen in all chronic liver diseases, including CHB, NASH and autoimmune-related liver diseases (autoimmune disease and PBC) populations ([Fig. 1A](#f01){ref-type="fig"}, [1C](#f01){ref-type="fig"} & [Supplementary Fig. 1](#sf1){ref-type="supplementary-material"}). Importantly, after divid-ing the large-sample sized group of CHB patients into subgroups according to each individual's fibrotic scores, the correlation between elevated LSM values and the severity of liver necroinflammation still existed in every subgroup of CHB patients with the same fibrotic scores. To further validate our findings, by use of the idea of meta-analysis, we verified LSM's capability to respond to inflammatory activities in five independent cohorts composed of 1417 CHB patients in total ([Fig. 3](#f03){ref-type="fig"}). We believe that this meta-analysis-mimicking approach is more authentic and more reliable than traditional meta-analysis due to the fact that the raw data was obtained from each research hospital.

Another important piece of evidence in support of our idea is that increased LSM could respond to active liver inflammation came from the observation of the dynamic change of LSM in CHB patients who underwent anti-viral therapy. As revealed in this longitudinal cohort, LSM decreased rapidly during the first 13--26 weeks of treatment in these CHB patients, after the recovery of liver inflammation achieved by anti-viral treatment (indicated by the decline of alanine aminotransfer-ase). As is known, the fast drop in LSM values in such a short time could not be contributed to the regression of liver fibrosis, and this was confirmed by the pathologic evaluation of inflammation activity and status of fibrotic lesions. We suggest that after the necroinflammation was controlled by anti-viral treatment, the equilibrium value thereafter might represent the true fibrotic scores of the patients.

As important histological features, necroinflammatory grade and liver fibrosis were the main indicators for the prediction of disease prognosis and evaluation of treatment benefit.[@b26]--[@b28] The former represents ongoing liver injury and the latter stands for accumulated lesions. It has been acknowledged that in general, patients with no or mild inflammation usually have slower disease progression,[@b29]--[@b31] while those with active liver necroinflammation display more progressive disease processes.[@b32] In line with this, findings from numerous studies support the idea that liver inflammation drives the rise of fibrosis by accelerating hepatocyte necrosis and apoptosis. Since the presence of moderate liver necroinflammation and fibrosis was considered as the index of progressive liver disease,[@b33] it has been recommended by major guidelines that, in clinical practice, moderate liver necroinflammation and/or moderate liver fibrosis are indicators for immediate initiation of anti-viral therapy in CHB patients[@b2] or need of strong intervention for NASH patients. To identify those chronic liver disease patients with ongoing liver necroinflammatory damage, alanine aminotransferase level has been recommended by all major guidelines as a surrogate marker for hepatic damage in and indicator for anti-viral treatment of CHB patients.[@b2],[@b3],[@b16] As is known, alanine aminotransferase might remain normal or only mildly elevated (up to 13--47%) in CHB patients with active liver inflammatory activity,[@b8],[@b9],[@b34],[@b35] or even worse has almost no value for the diagnosis of inflammation damage among NASH patients, as previously reported[@b36]--[@b38] and shown in the current study. Serum CK-18 was found to be elevated in the NASH population compared to the non-alcoholic fatty liver population. However, few studies have evaluated whether CK-18 could act as a non-invasive biomarker to reflect NASH-related necroinflammatory activity.[@b39] With the impressive prevalence of non-alcoholic fatty liver disease population in China and worldwide in recent decades, there is an urgent need to develop a novel method to meet this clinical need. Currently, LSM's potential diagnostic value for liver necroinflammation deserves more attention, particularly for NASH patients.

Therefore, the potential use of LSM as a supplementary indicator for liver necroinflammation was explored in the current study. Indeed, in the current chronic liver disease cohort with etiologies including CHB, NASH and autoimmune liver diseases, LSM exhibited certain diagnostic performance for moderate liver necroinflammation. In addition, LSM provided a potential means to survey whether anti-viral therapy had improved necroinflammation in CHB patients. For example, a constant decline in LSM value might implicate the efficient control of liver necroinflammation in CHB patients who have undergone anti-viral therapy. From this respect, LSM provides a more accurate assessment of the disease progression than we thought previously, which reflects ongoing liver necroinflammation in addition to cumulative liver damage (liver fibrosis/cirrhosis) over time. Meanwhile, the dual characteristics of LSM might be helpful to a clinician to decide whether or not to initiate anti-viral treatment for individuals with chronic HBV infection, rather than setting a different cut-off value to distinguish inflammation from fibrosis, or vice versa, for CHB patients with different alanine aminotransferase levels.

The relatively small overall number of NASH participants is also a limitation of this study. Other limitations of this study are that the chronic liver disease patients with etiologies such as hepatitis C virus, alcoholic liver disease and drug-induced liver disease were not collected and analyzed.

In summary, results in this study suggest that TE-based LSM can identify moderate and severe liver inflammation with high accuracy in CHB, NASH, and autoimmune-related liver disease patients. We suggest that rather than search for a novel non-invasive biomarker, taking full advantage of the present TE-based LSM for the diagnosis of active liver necroinflammation may be more practical.
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AUROC

:   area under the receiver operating characteristic curve

AIH

:   autoimmune hepatitis
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:   primary biliary cholangitis
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:   receiver operating characteristic curve
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